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Abstract 
Upon inductive coupled plasma reactive ion etching (ICP-RIE) of Si surfaces needle-like nanostructures with aspect 
ratios up to 10 emerge showing excellent anti-reflection and light-trapping properties with absorption over 97% 
throughout the UV and VIS spectral range. In addition, the absorption at the band edge of silicon is enormously 
enhanced due to scattering. In this work we report on the feasibility to deposit conformal Al2O3 dielectric layers on 
these very rough silicon surfaces which enable adequate surface passivation. Lifetimes over 170 μs have been 
measured on deep structured b-Si substrates. The optical properties of black silicon (b-Si) and the possible influence 
of applied alumina passivation layers as well as their passivation performance are discussed. 
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1. Introduction  
To obtain high solar cell efficiency, optical broadband anti-reflection (AR) measures are required [1, 
2]. Furthermore, the efficient absorption of near infrared (NIR) light within the solar cell demands an 
enhancement of the optical path length, which gains more and more importance for the use of thinner 
wafers [3]. One possibility to enhance the coupling efficiency for incoming light into the absorber is a 
surface treatment by a reactive ion etching (RIE) process known as the black silicon method [4]. This 
mask-less single-step structuring method works on mono- and multi-crystalline silicon substrates and 
provides excellent AR and light trapping properties [5]. It was reported to be compatible with 
Vailable online at www.sciencedirect.com
 2012 Published by Elsevier Ltd. Sel ction and peer-revi w under r sponsibility of the sci ntifi c committee of 
the SiliconPV 2012 conference. Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
362   M. Otto et al. /  Energy Procedia  27 ( 2012 )  361 – 364 
   
a)                                                                             b)  
Fig. 1. a) Absorption spectra of single-side b-Si structured samples without and with 100 and 250 nm of alumina, respectively. As 
references, a double-side polished wafer without and with 100 nm Al2O3 coating as well as a calculation for a hypothetically perfect 
ARC (grey solid line) and the Yablonovitch limit are shown. b) Effective lifetimes of b-Si structured samples and according polished 
reference samples passivated with 100 nm of Al2O3 after annealing at various temperatures 
 
homojunction Si solar cells [6, 7] and could be integrated into a heterojunction approach [8]. Yet, the 
critical interfacial electronic properties of the b-Si layer are a major drawback of this light trapping 
concept which will only be overcome by an effective passivation of the enlarged surface area. In the 
literature, typically a thermally grown oxide is used to passivate the statistically structured surfaces [6]. 
Herein, we report on the possible conformal deposition of amorphous Al2O3 by thermal ALD, which is 
known to exhibit excellent surface passivation on both n- and p-doped Si surfaces [9]. 
2. Samples  
P-doped CZ-grown Si substrates were structured by a dry ICP-RIE process with SF6 and O2. The 
randomly emerging sharp Si needles have aspect ratios up to 10, typical depths of 1.7 μm and average 
distances of roughly 180 nm. Optical total reflection and transmittance spectra were recorded from 
polished and b-Si samples. The samples were uncoated or coated with thermal ALD Al2O3 from TMA 
and H2O, respectively, with 30, 50, 100, 150 and 250 nm. Lifetime samples were identically structured, 
cleaned and passivated on both sides. The Al2O3 passivated samples received a postdeposition annealing 
of 30 min at temperatures between 300 and 500 °C. Hereafter, the minority carrier lifetime was measured 
by means of the quasi steady state photo conductance (QSSPC) method. 
3. Results 
Figure 1 a) shows the spectral absorption of uncoated and coated black silicon structures in 
comparison to polished reference samples and a Si surface with a hypothetical perfect antireflection 
coating (for calculation details see [10]). The absorption curves were calculated from total reflection and 
transmission measurements. The according average absorption between 300 and 1000 nm is almost 
independent of the Al2O3 thickness. ICP structured samples exhibit absorption coefficients of over 97% in 
the whole UV and VIS spectral region, even if coated with 100 nm Al2O3. Only a very slight absorption 
loss can be noted for very thick Al2O3 films. Coated with 250 nm, the structure still absorbs more than 
95% of the incident light even though the nano-pores are completely filled by the dielectric layer. The 
absorption edge of the structured samples is strongly shifted to longer wavelengths and near the 
Yablonovitch limit. All b-Si samples outperform the calculated perfect ARC above 1000 nm. In case of 
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the polished surfaces the average absorption increases if coated with a 100 nm thick alumina layer which 
can be ascribed to a pure AR-effect. Nevertheless, alumina is neither very well suited as an ARC due to 
its low index of refraction nor was the film thickness optimized for this purpose.  
Al2O3 passivation layers of 100 nm yielded good lifetime results on both, structured and polished 
samples as plotted in figure 1 b). The best b-Si structure with a surface geometry as described above 
exhibits a lifetime of 173 μs whereas the according best reference sample yielded 446 μs at an injection 
level of 1015 cm-3. These effective minority carrier lifetimes are in the range of the expected CZ Si bulk 
lifetime and could only be achieved after a post-deposition annealing. In the case of b-Si, improvement 
factors of 10 to 12 were observed for annealing temperatures between 375 and 450 °C with the optimal 
temperature being 400 °C. 
4. Discussion  
The demonstrated ICP structured b-Si surfaces absorb more than 97% of the incident light in the UV 
and VIS spectral region. This absorption is almost independent of the thermal ALD deposited dielectric 
passivation layer thickness. Additionally, at the absorption edge highly enhanced light-trapping by the 
nano-structures due to strong scattering was observed, as was shown earlier in optical simulations [5]. 
The absorption enhancement by a factor of 10 at a wavelength of 1150 nm comparing the pure b-Si 
sample to the simulated perfect ARC was maintained if Al2O3 passivation layers were deposited. The low 
reflective b-Si surface exhibits increased surface recombination in comparison to the polished reference, 
probably due to the highly augmented surface area. An adequate passivation is essential for effective 
integration of b-Si surfaces into solar cell devices requiring: 
(1) Highly conformal deposition of pinhole-free films 
(2) Excellent surface passivation quality 
In parallel to earlier work on the deposition of highly conductive ZnO:Al [10], perfect conformal 
coatings were also achieved in case of the presented Al2O3 films. It is known that ALD Al2O3 films lead 
to an extremely low interface state density and at the same time accumulate a high level of negative fixed 
charges [11]. Thus, thermal ALD deposited Al2O3 was demonstrated to be an excellent candidate to fulfil 
these requirements on b-Si structured surfaces and high effective lifetimes have been obtained. 
5. Conclusions 
It was shown that thermal ALD grown Al2O3 films may be used to conformally cover highly rough 
black silicon surfaces. The model systems investigated exhibit an average total absorption above 97% 
over the whole absorption range of silicon. Strongly enhanced absorption at the absorption edge is not 
significantly influenced by the deposited thick passivation layers. Determined lifetimes by QSSPC were 
as high as 173 μs for a structured surface and thus of the same order of magnitude as the polished 
reference samples. Integrating this type of passivating layer into a nanostructured SIS hetero-junction will 
lead to a higher black silicon solar cell efficiency. 
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